An environmental actinomycetes, capable of utilizing p-nitrophenol as its sole carbon and nitrogen source, was starved for an 8-week period and showed no reduction in its ability to biodegrade p-nitrophenol.
Most bacteria in marine and soil environments are thought to exist in a state of starvation-survival (19) which can produce drastic reductions in cell size (1, 12) . A possible application of the starvation-survival phenomenon is the preparation of contaminant-degrading bacteria for injection into the soil or subsurface environments to augment bioremediation efforts. Several studies have already shown that the addition to soil or water of specifically adapted bacteria can enhance the degradation rates of organic pollutants (6, 7, 9, 11, 27 ). An important criterion for the addition of an inoculum, particularly in the subsurface environment, is the penetration of the cell through a porous matrix into the contaminated zone to act directly on the target compound (10, 13, 24) . A correlation between increased transport through soil and small cell size has been recognized (10) . Starvation of a subsurface isolate has been shown to result in a reduction in both cell size and extracellular polysaccharide production (15); the starved isolate was found to penetrate further into sandstone cores than cells in a vegetative state (8, 14, 18) .
In order to evaluate starvation as a technique for preparing a bacterial inoculum, the study described in this paper investigated the starvation-survival of a p-nitrophenol (PNP)-degrading isolate. PNP has been widely studied as a model for the biodegradability of organic pollutants in both surface (21, 22) and subsurface (16, 23) environments. We isolated a PNP-degrading bacterium, from an industrial waste lagoon, which utilized PNP as its sole carbon and nitrogen source. The isolate was subjected to nutrient deprivation, and changes in both cell viability and morphology were determined. Resuscitation of the bacterium on PNP and alternative organic substrates was also examined.
Isolation of the microorganism. The PNP-degrading bacterium was isolated from the sediment-water interface of an industrial waste lagoon which contained tailings from the oil sands operation in northeastern Alberta (17 Utilization of PNP as the sole carbon source was investigated by transferring a 0.5-ml inoculum (2 x 105 CFU/ml) of PNP-grown stationary-phase cells into the [14C]PNP-PNP mixture described above. The ability of the isolate to utilize PNP as both the sole carbon and the sole nitrogen source was investigated by replacing the nitrogen sources in MBH with NaCl. Control vials received 0.5 ml of a heat-killed cell suspension. Following 1, 2, and 3 days of incubation, the proportion of label present in the headspace or the liquid medium or associated with cell biomass was determined. Triplicate vials were sampled on each day, and following headspace purging, the bacterial cells were collected on Nuclepore polycarbonate filters (0.2-,um pore size) and transferred into 10 ml of CytoScint-plus (ICN). The amount of radioactivity remaining in the filtrate was also determined.
There was little difference in utilization when the isolate was exposed to PNP as the sole carbon source (MBH medium) or as the sole carbon and nitrogen source (nitrogenfree medium) (Fig. 1) . In both media, mineralization accounted for 58% of the radioactivity, while 3% of the radioactivity was associated with cell biomass. The amount of radioactivity in the filtrate of the inoculated flasks decreased by 90% after 3 days, while in the control vials almost 100% of the radioactivity was recovered from the filtrate. These results add an actinomycetes to the list of bacteria which have been shown to utilize nitroaromatic compounds as their sole carbon or nitrogen source (4, 5) .
Starvation regimen. An inoculum of PNP-grown cells (stationary phase) was added to 3 liters of 20-mg/liter PNP in MBH and grown for 3 days at room temperature until the yellow color associated with PNP disappeared. The cells were then washed in a phosphate buffer solution (PBS) (15) and resuspended in 1 liter of PBS. The starvation culture was stirred with a magnetic bar and held at room temperature for probable-number technique with 20 mg of PNP per liter as the sole carbon source. A positive tube was recognized by the loss of the yellow color associated with PNP. The number of PNP-degrading cells was initially estimated to be 1 x 107/ml but was found to gradually increase with starvation to 6 x 107/ml. Although there was a discrepancy between the viable plate count and most-probable-number tests, the results indicated that high numbers of viable cells remained in the starvation culture.
To examine the kinetics of resuscitation, a 0.5-ml inoculum from the starved culture was added to the [14C]PNP-PNP mixture, and mineralization of PNP was determined after 3, 5, and 8 days by using triplicate vials. Cells removed after 0, 1, 2, 4, and 8 weeks of starvation converted approximately 60% of the labelled PNP to CO2 within 3 to 5 days (Fig. 2) . The retention of PNP-degrading capacity by the starved cells was similar to results reported for a starved quinoline-degrading Pseudomonas cepacia strain (25) .
The starved actinomycetes was also found to resuscitate on PNP levels as low as 0.2 mg/liter, although a concentration of 200 mg/liter was found to inhibit resuscitation (data not shown).
Many factors can reduce the success of an inoculum added to augment bioremediation efforts (27). The presence of alternative carbon substrates, such as glucose and amino acids, has been found to decrease the rate of PNP mineralization by subsurface microbial communities (23) . The effect Microscopy. Phase-contrast micrographs (Zeiss photomicroscope) compared the PNP-degrading isolate grown on PNP as the sole carbon source with cells from the starvation culture (Fig. 4) . Under conditions of starvation, the filaments were broken into single cells. Starved-cell dimensions revealed an average cell length of 1.7 0.4 ,um and width of 0.7 + 0.1 ,um (mean + standard deviation; n = 30).
Morphological differences between starved and resuscitated cells were examined by electron microscopy. Cells were prepared for direct scanning electron microcopy by filtration onto polycarbonate filters (Nuclepore; 0.2-,um pore size) and were fixed by the method described by Shaw et al. (20) . Starved cells (Fig. 5A ) responded to 20 mg of PNP per liter by the production, within 1 day, of short filaments (Fig. SB) which developed into filamentous mats by day 3 (Fig. SC) .
Cells were prepared for transmission electron microscopy by the method described by Lappin-Scott et al. (15) . Transmission electron micrographs compared starved cells (Fig. SD) and cells resuscitated for 3 days on PNP (20 mg/liter) (Fig. SE) . The cytoplasm within the starved cells appeared less dense than that within the vegetative cells, and the vegetative cells had a distinct coating of extracellular polymers which was largely absent from the starved cells. A reduction in the cytoplasmic density of nutrient-deprived Arthrobacter cells and other related coryneform bacteria has also been recorded (2, 3) .
The present study describes the isolation of a PNPdegrading isolate and demonstrates that the bacterium can be starved to produce small, individual cells which have fully maintained their capacity to biodegrade PNP. The fragmentation of the filaments into individual cells and the reduction in the glycocalyx (extracellular polymers) may aid in the transport of this isolate through porous material (8, 14, 18) .
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